Human life expectancy and welfare has decreased because of the increase in environmental stressors in the air. An environmental stressor is a natural or human-made component present in our environment that upon reaching an organic system produces a coordinated response. This response usually involves a modification of the metabolism and physiology of the system. Inhaled environmental stressors damage the airways and lung parenchyma, producing irritation, recruitment of inflammatory cells, and oxidative modification of biomolecules. Oxidatively modified biomolecules, their degradation products, and adducts with other biomolecules can reach the systemic circulation, and when found in higher concentrations than normal they are considered to be biomarkers of systemic oxidative stress and inflammation. We classify them as metabolic stressors because they are not inert compounds; indeed, they amplify the inflammatory response by inducing inflammation in the lung and other organs. Thus the lung is not only the target for environmental stressors, but it is also the source of a number of metabolic stressors that can induce and worsen preexisting chronic inflammation. Metabolic stressors produced in the lung have a number of effects in tissues other than the lung, such as the brain, and they can also abrogate the mechanisms of immunotolerance. In this review, we discuss recent published evidence that suggests that inflammation in the lung is an important connection between air pollution and chronic inflammatory diseases such as autoimmunity and neurodegeneration, and we highlight the critical role of metabolic stressors produced in the lung. The understanding of this relationship between inhaled environmental pollutants and systemic inflammation will help us to: 1) understand the molecular mechanism of environment-associated diseases, and 2) find new biomarkers that will help us prevent the exposure of susceptible individuals and/or design novel therapies.
Introduction
Biological systems are continuously exposed to oxidants, which may be generated either endogenously (e.g., from mitochondrial electron transport during respiration or during activation of phagocytes) or exogenously (e.g., pollutants, nanoparticles, dust microorganisms, ozone or cigarette smoke) [1, 2] . When these oxidants are inhaled, their main target is the lung, where they may cause chronic inflammation. However, the link between our environment, the lung, and chronic inflammation has not received the attention it deserves. During the past few years, it has become clear that inhaled pollutants also cause adverse effects outside the respiratory tract, and these effects may in some cases become more important than the respiratory effects [3] .
One of the most important topics of environmental research in recent years is the geneticenvironment interplay as a determinant of disease susceptibility, progression, and outcome [4] [5] [6] . Although the social and economic impact of chronic inflammatory diseases in our societies is great, the role of the lung in worsening or inducing disease is poorly appreciated, particularly in connection with environmental-genetic interactions. However, there is a clear and parallel increase in chronic inflammatory disease (for example, cardiovascular diseases, autoimmunity, neurodegeneration, and cancer) associated with an increase in air pollution [1, [6] [7] [8] . Air pollution and the concomitant inhalation of environmental stressors have now been associated with the worsening of pre-existing chronic inflammatory diseases such as type II diabetes [8] , rheumatic autoimmune diseases [6] and neurodegenerative disorders [9, 10] . In this regard, the indirect effect of inhaled stressors on cell metabolism and genetic and epigenetic factors has gained importance, and there have been several mechanisms presented explaining this complex interaction between our environment, the lung, and diseases ( Figure 1 ). For example, a link has been established between lipid peroxidation products and genetic (mutagenesis) [11] [12] [13] and epigenetic changes (e.g., changes in DNA conformation by histone modification) [5, 14] .
In this review we discuss recent epidemiological and experimental evidence suggesting that systemic oxidative stress and inflammation are key hallmarks of inhalation exposure mediated by metabolic stressors (Figure 1 ). Metabolic stressors (bioactive mediators) induced by inhalation of environmental stressors may play a key pathogenic role by inducing or worsening chronic inflammatory diseases in genetically susceptible populations. Along with an increase in our understanding of the key role of lung-generated systemic inflammation and the ability to detect such a process earlier, we may be able to protect susceptible populations and find novel diagnostic strategies and therapies to prevent these diseases.
The lung as a target of inhaled environmental stressors
The lung has the largest surface area exposed to the environment in the human body. It is one of the most vascularized tissues in the body; it is a source of oxygen for loading hemoglobin and a way to eliminate the main product of metabolism (i.e., carbon dioxide) and other volatile metabolites in the exhaled breath [15] . Among the most common environmental stressors that reach our body through the lung (Table 1) are particulate matter comprising insect and microbial components, along with organic and inorganic chemicals usually associated with carbon particles, pet hair, and dust [7] . The most important vehicle is particulate matter (PM), through which microbial endotoxins, metals, and other chemicals gain access to our bodies by inhalation [7, 16] . Particles smaller than 10 μm (PM 10 ) have easy access to the airways, and if they are not removed by ciliary clearance, they may be deposited in the alveolar space and cause local inflammation in the lung.
The airways and alveolar spaces are rich in redox-susceptible and redox-cycling components: polyunsaturated fatty acids (PUFAs), metals (e.g., iron), oxygen, and inflammatory cells. Inhaled environmental stressors induce redox changes that initiate a number of events leading to pulmonary inflammation. [See [17] for a recent comprehensive review about the oxidant and antioxidant profile of the lung in health and disease.] The key to explaining the role of the lung in systemic inflammation is understanding the mechanism of modification of the biomolecules produced by inhaled oxidants or generated by inflammatory cells in the upper and lower airways [18, 19] .
In the respiratory airways, inhaled environmental stressors usually produce irritation, a trigger of inflammation [20, 21] . One of the most important aspects of irritation is the induction of the expression of chemokines such as IL-8, which attract inflammatory cells such as neutrophils and eosinophils to the airways [22] [23] [24] . Both neutrophils and macrophages are known to migrate in increasing numbers into a lung that has been exposed to particulate matter [25] . Other inhaled stressors also attract and activate neutrophils and other inflammatory cells in the lung's micro environment [22, 26] ; lung inflammation is mediated initially by neutrophils and later by macrophages [7, 16] .
Following the generation of mediators such as IL-8 by the airway and alveolar epithelia/ endothelia, inflammatory cells are attracted to and home in on the pulmonary microcirculation. The inflammatory mechanism involves neutrophil adhesion to the endothelium and upregulation of CD18 integrins, which are known to up-regulate NAPDH oxidase activity [26] . Cellular inflammation also involves the synthesis of inflammation mediators, cytokines, adhesion molecules, acute phase proteins, nucleic acid and protein oxidation products (nitrotyrosine, methionine sulfoxide, cystine, dityrosine, etc.), glycoxylation, bioactive lipids (prostaglandins, thromboxanes, leukotrienes, etc.) and lipid peroxidation products (Table 1 ) [24, 27] .
Activated inflammatory cells such as macrophages release a number of inflammatory mediators (e.g., cytokines and bioactive lipids) that can be sensed by cells in the surrounding tissue. Damage to airway epithelial/endothelial cells generates danger signals that activate the expression of genes coding for chemokines [28] . In addition, when stressors are in the airways, inflammatory cells may alter the signaling pathways and cellular responses to chemokines [22, 24] . One of the most recent findings identifies adenosine triphosphate (ATP) as a danger signal that has an associated cell response. When ATP is released during airway injury, it activates dendritic cells by interacting with specific receptors (P2X and P2Y) on the cell surface, which in turn triggers purinergic signaling that is important in maintaining the asthmatic phenotype [29] .
As macrophages and neutrophils in the lower respiratory tract are recruited and activated, the oxygen burden in the lungs may increase [18, 26, 30] . The cellular responses to such environmental stressors are controlled by reactive oxygen species (ROS), which include free radicals (superoxide radical anion, nitric oxide, radical hydroxyl, etc.) and non-free radical reactive species (H 2 O 2 , hypohalides, peroxynitrite, ozone, etc.) [31, 32] . ROS can be generated directly by the stressor (for example ozone or nanoparticles) or produced by activation of the inflammatory cells in the lung [20] . The intracellular production of ROS may involve mitochondrial respiration, xanthine oxidase, and coupling to the membrane of the nicotine diamine phosphate reduced (NADPH) oxidase enzyme [27] . Activation of neutrophils and eosinophils generates superoxide radical anion (O 2
•− ), which is rapidly converted to H 2 O 2 by superoxide dismutase, and hydroxyl radicals are formed in the presence of Fe 2+ by the Fenton reaction [17] . In neutrophils, myeloperoxidase (MPO) also catalyzes the peroxidation of chloride to form hypochlorous acid (HOCl), which requires H 2 O 2 [33] . ROS are also released by activated lung epithelial cells and thus amplify lung inflammatory and oxidant events.
ROS are known as secondary messengers and are involved in the induction of NF-κB [34, 35] , the main transcriptional activator that controls the expression of a number of inflammatory genes for important mediators of inflammation such as chemokines, cytokines, and adhesion molecules [21, [34] [35] [36] . Under physiological conditions, ROS molecules function as regulators of redox modulation [27] , defined as a reversible change in a macromolecule necessary for the cell to adapt to a change in its environment. In these regulatory mechanisms, the ROS oxidize thiol groups at the active site of phosphatases, which inactivates their phosphatase activity [27] . Inactivation of the phosphatase activity is necessary for the accumulation of phosphorylated proteins, which are important as a cellular response to stress [27] .
ROS are highly reactive and, when generated close to cell membranes, can induce lipid peroxidation and the accumulation of its products, including malondialdehyde (MDA), 4-hydroxy-2-alkenals, acrolein, and F 2α -isoprostanes [19] (Table 1) . Oxidized biomolecules are more susceptible to degradation, but they also can inhibit the removal of oxidatively modified proteins, such as the proteasome system [37] . When detected in elevated concentration in tissues and/or biological fluids, oxidatively modified biomolecules become important biomarkers of oxidative stress and inflammation [38] .
The production of ROS in the lung almost invariably leads to depletion of antioxidants, followed by oxidation with biomolecule-centered radicals as intermediates [21, 39] . Biomolecule-centered radicals decay very quickly by reacting with oxygen, by electron transfer, or by radical-radical reactions. These reactions produce oxidized species that can form adducts with other biomolecules, modifying their structure and thus their function (receptor, messenger, compartmentalization signal, enzyme, transporter, etc.) [27, 40] . These changes are sensed by the cell leading to an inflammatory response and removal of the modified macromolecule by the proteasome, glycosylases, reductases, etc.) [27] .
ROS can damage cellular proteins, lipids, and nucleic acids in the lung and in other inflamed tissue, such as the brain [31] . To defend against this damage, the lung and other inflamed tissues use up their stores of the key antioxidant glutathione (GSH). Failure to overcome the increased ROS production leads to production of further oxidative mediators (metabolic stressors) with activation of additional signaling pathways that regulate the expression of pro-inflammatory cytokine and chemokine genes [32] . These products are produced locally in the target tissue as well as systemically, which can lead to widespread pro-inflammatory effects remote from the lung [41] .
Although a redox imbalance occurs in the lung as a natural protective response, an uncontrolled response may damage the lung and produce catastrophic systemic effects and even death [42, 43] . Thus, the control of the inflammatory response, by preventing the redox process involved in the recruitment, hosting, and activation of inflammatory cells in the lung [23, 24, 35, 44] , may represent a therapeutic point to control the systemic effects of inhaled stressors.
In addition to their cytotoxic properties, ROS-modified biomolecules are increasingly recognized as being important in signal transduction for a number of important systemic diseases such as autoimmunity [45] and neurodegeneration [31, 46] . Thus, when metabolic stressors are produced in the lung in response to environmental stressors, they may diffuse through the blood-brain barrier and produce neurotoxicity [31, 46] or generate neoantigens [45] , which can be involved in generating autoimmunity through a process known as epitope spreading [45, 47] .
The lung as a source of metabolic stressors
Oxidized biomolecules, their products of degradation, adducts with proteins, advanced glycoxidation end products (AGEs), and lipid peroxidation end products (ALEs) are generated [23] and eliminated in the breath [15] and/or transported to different tissues in the body [38, [48] [49] [50] (Figure 1 ). When detected in the exhaled breath condensate [15] and/or in blood [38] , these oxidation products are biomarkers of oxidative stress and inflammation. From an analytical point of view these products are used as indicators of the progress of systemic diseases (biomarkers) [15, 38] , but from a molecular point of view they are bioactive mediators because they can induce further stress signaling and systemic inflammatory responses [14, 32, 51, 52] . Thus, they can be considered as metabolic stressors (Table 1) , which include oxidized biomolecules, their products of degradation, adducts, and pro-inflammatory cytokines. Metabolic stressors can induce distinct responses by interacting with receptors whose distribution depends on tissues and whose affinity may depend on genetic polymorphisms [19] . Different organs vary in their distribution of receptors, and the receptors for metabolic stressors may be expressed differently depending on the endocrine profile and the cell type.
Pulmonary effects from environmental stressors include the triggering of inflammation in the airways and alveolar space, which can lead to induction or exacerbation of systemic chronic inflammatory diseases. Inflammation is the most important process occurring in the lung exposed to environmental stressors [53] . In the classical literature, inflammation is described as the principal response of the body to deal with injuries, the hallmarks of which include swelling, redness, pain, and fever. This often short-term adaptive response is a crucial component of tissue-repair remodeling and involves integration of many complex signals in distinct cells and tissues. However, the long-term consequences of prolonged inflammation are not beneficial and may be an important source of metabolic stressors (Table 1 ). For example, diabetic patients are more susceptible to the damaging effects of inhaled particulate matter than are healthy subjects [8] , suggesting that during chronic inflammatory disease, the lung may be more susceptible to redox changes and subsequent inflammation induced by inhaled stressors.
Airway hyper-responsiveness (AHR) is one of the most significant indicators of airway inflammation induced by inhaled stressors [54] , but the mechanism of the link between lung inflammation, respiratory physiology, and systemic effects of inhalation exposure to environmental stressors is unknown. Inhaled stressors, in particular ozone, chemicals associated with particles, cigarette smoke, and inflammatory cells, are the major source of ROS in the lung ( Figure 1 ). Numerous cytokines (for example, IL-6, TNF-α, GM-CSF, and MCP-1) and acute phase proteins are involved in the activation of inflammatory cells, amplification of the oxidative damage, and the worsening of pre-existing inflammation [1, 8] , but the role of the oxidized products produced in the stressed lung has not been recognized. Recently this mechanism was considered following examination of data from the Framingham Heart Study [55] . Noteworthy, environmental stressors such as nanoparticles can reach the systemic circulation and induce injury in target organs [16] . Either directly (diffusion from the lung to systemic circulation) or indirectly (by metabolic stressors), tobacco smoke may produce pancreatic cancer [56] and arthritis [6] in genetically susceptible populations.
Clearly some materials deposited in the respiratory epithelia can be transported directly to other tissue and organs [16] . The transport of gases, molecules, allergens, and particles across the bronchial and alveolar epithelia/endothelia may have systemic effects in the heart and other organs [16] . Epidemiological studies continue to confirm the association between adverse health outcomes and inhalation of airborne particles and co-pollutants. For example, increased air pollution can increase heart rate variability as well as cardiac arrhythmias, especially in the elderly [1] . Moreover, experimental [41] and epidemiological studies suggest that inflammation in the lungs of patients suffering from chronic obstructive pulmonary disease, which are characterized by recruitment and activation of inflammatory cells in their airways, is associated with systemic inflammation and oxidative stress [53, 55] . In addition, ultra-fine particles, especially those containing transition metals, may give rise to oxidative stress and, through low density lipoprotein oxidation, destabilize atherosclerotic plaques, leading to ischemic events [1, 16, 53] .
Products of biomolecule oxidation are important in the propagation of lung inflammation to the systemic compartment. Such products are useful biomarkers of systemic oxidative stress and inflammation when evaluated in biological fluids. Reactive carbonyl compounds (RCCs) formed endogenously during lipid peroxidation and glycoxidation of carbohydrates are precursors of advanced glycoxidation end products (AGEs) and advanced lipid peroxidation end products (ALEs), which form cross-links on tissular proteins (carbonyl stress), and accumulate during aging and in chronic inflammatory diseases [10, 50] . Oxidatively modified biomolecules and their adducts with proteins [48] can abrogate immuno-tolerance mechanisms and accumulate in the reticulo-endothelial system [46] . Oxidation of lipids induced by ROS generates a huge variety of lipid peroxidation products, including RCCs and more stable products such as ketones and alkanes [19] . RCCs such as aldehydes and dicarbonyls, including hydroxyalkenals, acrolein, malondialdehyde (MDA), glyoxal, and methylglyoxal, exhibit a large panel of biological properties that include modifications of tyrosine phosphorylation and of the cell cycle, cell development, and cell death [27, 52] . These aldehydes react with cellular and tissular proteins to form adducts (ALEs) that induce protein dysfunction and alter cellular responses [57] . The signaling involved in these responses is a slow process countered by the rapid turnover of short-lived cellular proteins, whereas modified long-lived proteins accumulate and produce direct tissular damage and aging-related diseases [46] .
The oxidation of polyunsaturated fatty acids (PUFAs) generates RCCs, including the highly reactive α,β-unsaturated hydroxyalkenals such as 4-hydroxynonenal (4HNE) and 4-hydroxyhexenal (4HHE) [19] . Oxidation of n-6 PUFAs (mainly linoleic and arachidonic acids) leads to the formation of 4HNE, whereas oxidation of n-3 PUFAs (decosahexanoic acid, eicosapentaenoic acid, and linolenic acid) leads to the formation of 4HHE. 4HNE can react with histidine, cysteine, or lysine residues in proteins, leading to the formation of stable Michael adducts with a hemi-acetyl structure [50, 58] . The 1,2-Michael addition involves the reaction of the side chain epsilon amine group of lysine with the αβ-unsaturated carbonyl, resulting in the formation of a Schiff base at acidic pH. MDA and acrolein are formed during lipid peroxidation and bind to DNA and proteins to form adducts. MDA is one of the most abundant aldehydes resulting from peroxidation of arachidonic, eicosapentaenoic, and decodahexaenoic acid. MDA reacts with lysine residues to form Schiff bases, and plays a major role in modification of low density lipoproteins and their scavenging by macrophages, the hallmark of atherosclerosis [19] .
ALE precursors play an active role in signal transduction by progressively altering the structure and function of circulating and tissular proteins, with consequences for inflammatory status and cell proliferation and viability [57] . The biological effects of ALE precursors are modulated by their local concentration, mechanism of uptake, and cellular detoxifying and metabolizing mechanisms [37, 46] . For instance, ALEs are involved in inhibition of the proteasomal machinery in the cell [37] , so oxidized products accumulate and cell stress occurs. Carbonyl stress and lipid peroxidation induce progressive protein modification, dysfunction, and formation of neoantigens [45] . As the lung may be an important source of oxidized and oxidantmodified biomolecules, inhibition of oxidative modifications of lung tissue exposed to inhaled stressors may prevent pathological consequences of carbonyl stress and may represent a new therapeutic strategy for patients suffering from chronic inflammatory diseases.
In human and animal studies, inhalation of particles elicits pro-inflammatory effects, cytokine production, and enhancement of allergic responses in the upper and lower airways [7, 16] . PM exposure is likely to be linked to inflammation through the generation of ROS and oxidative modification of macromolecules [16] . Although there is still debate about which components of the inhaled air are responsible for producing ROS, there is accumulating evidence that prooxidative organic hydrocarbons, such as polycyclic aromatic hydrocarbons, quinones, and transition metals, play a role [16] . The PM provides the template for electron transfer to molecular oxygen in these redox cycling events [16] . In addition, target cells, such as airway epithelial cells and macrophages, generate ROS in response to particulate stressors by biologically active catalyzed redox reactions that occur in the cell membrane and mitochondria [7] .
The role of nanoparticles in worsening cardiovascular events has been extensively investigated [7] . The precipitation of heart attacks is related to the level of PM in the air [1] . It is not only the particles that diffuse throughout the alveolar epithelium, but also the oxidized products of nanoparticle-induced activation of epithelial and endothelial cells [16] . Activation of lung epithelial cells induces the expression of adhesion molecules (e.g., intracellular adhesion molecule) and the synthesis of chemokines (e.g., IL-8, MCP-1) and pro-inflammatory cytokines (TNF-α, IL-1β) [22] . The expression of adhesion molecules, chemokines, and cytokines is controlled by transcription factors, the most important of which are NF-κB and activator protein-1 [21, 35] . In addition, the role of toll-like receptors (TLR) in sensing environmental stressors such as silica particles, nanoparticles, and microbial components has been demonstrated [59] .
Although oxidative stress and inflammation may explain certain aspects of systemic effects, other outcomes, such as sudden death, may result from altered autonomic regulation of the heart rate and changes in the coagulation system [1] . Although the cause of altered autonomic nervous activity is unknown, the systemic release of cytokines from the lung and vasculature may affect the production of clotting factors and anticoagulant enzymes in the liver [59] . This could lead to the formation of a dense clot on the top of a ruptured arteriosclerotic plaque, the pathological hallmark of fatal heart attacks [1] . The role of absorbed particles and chemicals in these systemic effects is uncertain. However, it is noteworthy that ultrafine particles and nanoparticles can gain access to systemic circulation by the increased cell permeability observed in the inflamed lung tissue [59, 60] .
Exposure of humans to bacterial lipopolysaccharide (LPS) and measurement of lung physiology, exhaled markers of inflammation such as nitric oxide, and systemic biomarkers of oxidative stress and inflammation provide a model for identification of individuals susceptible to airborne exposure. Studies suggest a link between inhalation of an environmental stressor and systemic effects [61] . Some individuals may be more prone to develop inflammation, asthma, cardiovascular effects, or cancer because of the accumulation of mutations in genes involved in the induction of antioxidant defenses. Other conditions that predispose individuals to environmental-stressor injury include old age and preexisting chronic inflammatory diseases, all of which are associated with redox changes and inflammation.
Genetic determinants of lung susceptibility to environmental and metabolic stressors
Humans do not generate adaptive immune responses to pollutants per se. Thus, the issue facing immunologists is how, when, and for whom environmental stressors can abrogate immunotolerance and produce autoimmunity [62] . It is known that inflammatory cells are attracted to a site of irritation to mount an immune response. Irritation, and the danger signals it produces, attracts cells from the adaptive and innate immune system. Activation of inflammatory cells can generate a number of ROS (see above) which can oxidize biomolecules and amplify the oxidative injury at the lung and at systemic levels. Controlled studies in humans have shown a great variability between humans in susceptibility to diesel exhaust particles (DEP), lipopolysaccharide (LPS), and even cigarette smoke exposure, suggesting that the existence of susceptible populations may be related to different polymorphisms.
Several lines of evidences have shown that both particulate and gaseous stressors (Table 1) can act on both the upper and lower airways to initiate and exacerbate irritation and inflammation. Increased numbers of neutrophils, B cells, and alveolar macrophages are found in the bronchoalveolar fluid (BALF) of both healthy and asthmatic patients exposed to DEP in chamber studies or in nasal washes after nasal provocation challenges [63, 64] . Similar increases in inflammatory cells are found in BALF after exposure to ozone, sulfur dioxide (SO 2 ), or NO 2 [65, 66] . Presumably as a consequence of this inflammation, altered lung function has been reported in humans, including increased nonspecific airway hyperresponsiveness (AHR) and increased airway resistance, most notably after ozone exposure [67] .
A common finding in these exposure studies is an increase in inflammatory cells, chemokines, inflammatory cytokines, and adhesion molecules in the airway epithelial cells for hosting inflammatory cells [21] . The expression of adhesion molecules, granulocyte-macrophage colony stimulant factor (GM-CSF), and IL-8 is up-regulated by cytokines such as IL-1 and TNF-α; both DEP and DEP extract can induce in vitro production of these cytokines.
The key to protection from the harmful effects of pollutants is to mount an effective cytoprotective response. It follows that people with diminished ability to detoxify xenobiotics and metabolize ROS are at increased risk for adverse outcomes from inhalation of environmental stressors. The idea of a population susceptible to environmental stressors is not new [62] . Controlled human exposure to ozone, LPS, SO 2 , DEPs, and secondhand smoke have shown large inter-individual variation in response to pollutants; variable responses tend to be reproducible and intrinsic to each person. The idea of stressor susceptibility genes has gained prominence [62] , with the identification of candidate genes now an area of intense research interest.
Two members of the glutathione -S-transferase superfamily of phase II xenobiotic metabolism enzymes, GSTP1 and GSTM1, are providing to be ideal candidate genes. Products encoded by these genes conjugate reactive intermediates with glutathione; they are present in the respiratory tract and they have common functional variant alleles. Epidemiological studies have shown that GSTP1 and GSTM1 variants that result in the absence of or a decrease in enzyme function are associated with airway hyperesponsiveness and asthma, as well as increased lung cancer risk in smokers [62] .
A key enzyme in cigarette smoke-induced carcinogenesis is myeloperoxidase (MPO, 5% of the total protein in neutrophils) [68] . Based on the analysis of the Genetic Susceptibility to Environmental Carcinogens database, a polymorphism in the promoter region of the MPO gene (-463G→A) is inversely associated with lung cancer in both male and female smokers [69, 70] . MPO is a phase I metabolism enzyme that can convert pro-carcinogens like benzo [α] pyrene to epoxy carcinogens [70] . Another important genotoxic species produced by MPO is the oxidant hypochlorous acid (HOCl); a substantial amount of evidence indicates that HOCl is an ROS induced by cigarette smoke in the airways [71] , and its genotoxicity may be enhanced by nicotine, the main addictive alkaloid in cigarette smoke. Activated neutrophils produce a number of oxidants [72] ; the best characterized, HOCl and taurine-chloramines, require active MPO, which is the only human enzyme known to produce HOCl under physiological conditions [73, 74] . HOCl is a powerful oxidant that modifies lipids, proteins, sugars, and nucleic acids. The pKα of HOCl is 7.59; thus at physiological pH, a mixture of both HOCl and OCl -is present [75] . Therefore, HOCl has the potential to pass through the cell membranes of the target tissues and then chlorinate intracellular biomolecules [72] . Both exogenously and endogenously generated HOCl and oxidation products from biomolecules may be involved in the etiology of cigarette smoke-induced systemic inflammation [76] , mutations, cell transformation, and lung cancer.
HOCl can be produced by activation of neutrophils. Neutrophil activation depends on the synthesis of superoxide radical anion by NADPH oxidase via a protein kinase C dependent (PKC) mechanism; the superoxide radical anion is then spontaneously or enzymatically (via superoxide dismutase, or SOD) dismutated to H 2 O 2 , which can then react with MPO and chloride anion [73, 77, 78] . Indeed, some 25% to 40% of the H 2 O 2 produced by activated neutrophils may be converted to HOCl through reactions involving MPO, with subsequent DNA base modification, including formation of chlorinated bases [78] . The chlorination reactions of HOCl are enhanced by ternary amines, such as nicotine [79] . Chlorinated and oxidized biomolecules or their degradation products, generated in the airways, can reach the systemic circulation and accumulate in target organs producing tissue failures and inflammation.
Studies in humans examining variation in responsiveness to nasal provocation with DEPs have supported genetic variability in the response to this environmental stressor [80, 81] . Additional proof for involvement of these genes comes from a randomized clinical trial of children who live in high-ozone areas in Mexico [82] . Asthmatic children with the GSTM1-null genotype (but not the functional variant) who received a placebo had greater ozone-related disorders in forced expiratory flow than children who received antioxidant supplementation with vitamins C and E. In mice, a quantitative trait locus analysis located susceptibility genes involved in AHR in response to ozone on chromosome 4 [83] . One of these genes is the toll-like receptor 4 (TLR-4) [84, 85] . Mice deficient in TLR-4 are resistant to AHR induced by inhalation of LPS, and their response to ozone was completely abrogated. Epidemiological and controlled studies in humans are needed to establish the association between polymorphism in TLR-4 and airway response to environmental stressors.
Screening for genetic polymorphisms associated with an exaggerated inflammatory and oxidative response in the airways will help to identify susceptible patients who need to be more strictly protected from exposure. However, the development and testing of more potent and safer antioxidant inhalation therapies [86] to prevent the formation of oxidized biomolecules in the lungs and systemic inflammation in susceptible patients should not be too far in the future.
Inhalation of environmental stressors and autoimmunity
It has been suggested that immunopathologies per se are due to a combination of genetic and environmental factors. For example, DEPs can both induce and exacerbate in vivo allergic responses in the human upper respiratory tract [65] . In atopic patients, while allergen alone produces a two-to three-fold increase in allergen-specific IgE, a challenge of allergen combined with DEP enhances local allergen-specific IgE production 20-to 50-fold [62] . The study suggests that ROS and oxidatively modified bio-molecules might act as limiting factors in elucidating autoimmune responses by molecular mimicry and epitope spreading [47, 87] . On the basis of this premise, it is argued that the amounts of metabolic stressors produced in the stressed lung and the adducts they form with proteins might play a pivotal role in inducing/ accelerating autoimmune processes [88] . However, the manifestation of autoimmune diseases of exposed subjects depends on their genetic susceptibility.
Oxidative stress, as manifested by increased oxidation products from biomolecules (biomarkers), is a hallmark of many systemic autoimmune diseases, including rheumatic diseases such as arthritis and systemic erythematosus lupus (SEL) [89] . Inflammation, infection, drugs, ROS, and environmental factors such as tobacco smoke [6] induce formation of neo-antigens [90, 91] and hence autoimmunity in genetically susceptible individuals [6, 92] . High oxygen pressure (pO 2 ), hemo-proteins, endotoxin, agrochemicals, metals associated with particles that reach the lung, and a high content of unsaturated fatty acids make the lung an important site for inflammation and oxidative stress when an irritant accesses the airways and alveolar air spaces (Figure 1) . Oxidation of modified macromolecules or formation of adducts with the host proteins produces post-translational modification that can make self proteins be recognized as strange by the immune system; this effect in turn produces, in a genetically susceptible individual, autoimmunity [6, 45] . Post-translational protein modifications are an important part of normal physiological processes (protein phosphorylation, for example) and have been associated with several autoimmune diseases [50, 89] .
The ability of the immune system to distinguish between self and non-self becomes largely incapacitated in autoimmunity. Studies have shown that even minor post-translational modifications, like the spontaneous conversion of an aspartic acid to isoaspartic acid, can cause self-antigens to become immunogenic [93] . Also, oxidatively induced modifications in a protein can affect its cell, tissue, or organ compartmentalization (immune privilege), which can be seen by the immune system to be in the wrong place or the wrong conformity and hence immunogenic. Our data with animal immunization using oxidatively modified Ro 60 autoantigen suggests that cryptic epitopes are revealed to the immune system after oxidative modification [94] .
Autoimmune disorders may develop as organ-specific diseases (myasthenia gravis, type 1 diabetes, thyroiditis, primary biliary cirrhosis, Goodpasture's syndrome) or as systemic diseases (rheumatoid arthritis, systemic lupus erythematosus, progressive systemic sclerosis), and auto-antibodies occur in nearly all these diseases. Auto-antibodies were found to be present [95] many years before SLE diagnosis and serve as indicators of future disease [96] . Biomarkers of oxidative damage to proteins, lipids, and nucleic acids are usually detected in SLE and other autoimmune diseases, and serve as useful indicators for diagnosis, prognosis, and therapy in these patients. Oxidative damage has been detected in patients suffering autoimmune diseases [89] ; however, the role of lung-generated oxidative products in inducing, promoting, or worsening autoimmunity has not received the attention that it deserves.
Because the development of autoimmunity has been linked to environmental contamination, we believe that inhaled air pollutants are important triggers of autoimmunity in genetically susceptible populations. Systemic lupus erythematosus (SLE) is a chronic, complex inflammatory disease whose etiology is multi-factorial, involving multiple systems. Autoantibodies, directed against a variety of self-antigens, are characteristic features of the disease. These characteristics suggest the loss of immune privilege at the wrong time, during the immune development, and, of course, the environment-genetic interplay that encourages these individuals to develop SLE. The targets of these antibodies are found in the nucleus, cytoplasm, and/or cell membranes. SLE is thought to arise as a consequence of genetic and environmental factors or molecular mimicry [6, 97, 98] . Oxidative modification of bio-molecules may involve a change of the molecular conformation by formation of new bridges (e.g., dityrosine and cystine), modification of one or more residues (e.g., thiol oxidation, methionine sulfoxidation, and side-chain carbonylation), inclusion of a halide (chlorination, bromination, iodination, etc.), addition of a nitro group (nitration) or an addition of a hydroxyl group (hydroxylation), etc. (Table 1 ).
The diversification and amplification of autoimmunity in an individual could be explained by epitope spreading [47, 99, 100] (Figure 2 ). The concept of epitope spreading was first described in EAE, and has now been extended to other autoimmune diseases [47, 100, 101] . Epitope spreading is defined as the progression of an autoimmune response from initial activation to a chronic state, involving increased targeting of auto-antigens by T cells and antibodies ( Figure  2) .
Immune tolerance to self is maintained by the removal of self-reactive lymphocytes in the thymus during immune system development [102, 103] and by making the T-lymphocytes that bind self-antigens anergic in the periphery [104, 105] . Abrogation of self-tolerance results in the appearance of auto-reactive lymphocytes, leading to induction of autoimmunity. This autoimmune response is generally divided into three categories, namely B-cell dominant, Tcell dominant, and combinational types [106] . Autoimmune hemolytic anemia and myasthenia gravis are examples of B-cell dominant autoimmune diseases, while experimental autoimmune encephalomyelitis (EAE), insulin-dependent diabetes mellitus, and collagen-induced arthritis are T-cell dominant autoimmune diseases.
SLE is a complex disorder arising from the emergence of both auto-reactive T and B cells with an etiology that involves both genetic and environmental factors. Molecular mimicry of viral or bacterial antigens with self-determinants has been proposed as one of the pathogenic mechanisms in the appearance of auto-reactive cells [94, 107] .
A common target of auto-antibodies in SLE is the 60 kD Ro ribonucleoprotein. This structure is made up of a 60 kD protein non-covalently associated with at least one of four short uridinerich RNAs (the hY RNAs). These hY RNAs are also associated with the 48 kDa La (or SSB) auto-antigen. Anti-Ro is found in 25-40% of patients with SLE, while anti-La is found in substantially fewer patients [105] [106] [107] . Scofield et al [94] showed that oxidative modification of Ro 60 auto-antigen occurred in a human liver during chronic inflammation. This lends credibility to the possibility that Ro 60 in SLE patients may be subject to modification, especially since increased oxidative damage has been reported in SLE [108, 109] . Such a scenario proposes that the development of antibodies to 60 kDa Ro and thus autoimmunity to the entire Ro ribonucleoprotein particle starts after an initial immune response to oxidized 60 kD Ro. This effect has been seen under experimental conditions when rabbits were immunized with 4HNE-modified Ro 60 [94] . Distinct intra-molecular and inter-molecular epitope spreading effects were seen in these animals leading to accelerated autoimmunity.
In SLE and other autoimmune disorders, modification of macromolecules such as modification of self-antigens with 4HNE takes place, possibly originating in the environmentally stressed lung. Significantly higher 4HNE-modified protein levels occur in children with SLE [110] . Antibodies to oxLDL that are cross reactive with phospholipids are thought to be due to their binding to oxidized phospholipids [102] . Circulating oxLDL/ β-2-glycoprotein complexes and IgG immune complexes containing oxLDL/ β-2-glycoprotein occur in SLE and/or phospholipid syndrome [103] .
Inhalation of environmental stressors and neuro-degeneration
If environmental toxins can induce neuro-degeneration, then it is likely that inhalation ought to be a significant contributing route of exposure to environmental neuro-toxicants. Surprisingly, the literature in this area is rather sparse. A search of the PubMed database (http://www.ncbi.nlm.nih.gov) using the query terms "neuro-degeneration" and "inhalation" yielded only 84 references; nonetheless, there are compelling reasons to explore this issue.
Volatile organic hydrocarbons or hydrophobic reactive gases such as the anesthetic nitrous oxide (N 2 O) have long been documented to induce neurological problems including neuron loss in children and in patients suffering from certain compromised conditions such as chronic subclinical deficiencies of vitamin B12 (cyanocobalamin) [111] [112] [113] . Most of these anesthesia complications occur through direct reaction of a lipid-soluble, brain-accessible neuro-toxicant with target pathways. For instance, nitrous oxide elicits multiple molecular lesions including the loss of cobalt from methionine synthase, the crucial folate cycle enzyme that is dependent on vitamin B12, and from the lipid metabolic enzyme methylmalonyl CoA mutase [114] .
Some circumstantial evidence suggests another more subtle mechanism of neurological injury that might arise from chronic inhalation of neurotoxins. The lung itself is sensitive to oxidative damage as a first target of exposure to these toxins. As discussed previously in this review and elsewhere, lipid oxidation products can be potently bioreactive and pro-inflammatory [115, 116] . Thus it is conceivable that secondary toxins derived from neurotoxin activity in the lung might act as a diffusible, brain-accessible paracrine factor able to trigger neuro-inflammation or other deleterious processes in sensitive brain regions. This hypothesis has some support from work one of us (KH) performed in the 1990s using a gerbil model of hyperoxia-induced brain injury [117, 118] . We found that in both young and aged gerbils, exposure to 90-100% isobaric hyperoxia for 24-48 hours induced brain synaptosomal protein oxidation similar to that seen in extreme aging or Alzheimer's disease. However, only the young animals were able to recover from and even reverse the indications of whole-body hyperoxia [117, 118] .
Hemoglobin is nearly saturated with oxygen at ambient (20%) levels, so it is very unlikely that isobaric hyperoxia could increase brain pO 2 as a mechanism for synaptosomal protein alterations. We hypothesized that the brain protein oxidation occurring in the hyperoxia model might be a consequence of lung oxidation and release of diffusible neuro-effectors. To date, this hypothesis has not been proven or disproven.
Considering the plausibility that inhalation might cause or exacerbate neuro-degeneration, several studies have begun that will investigate whether suspect agents linked to common agerelated disorders including Parkinson's disease might cause pathology when administered through the lung. Unfortunately these studies have proven largely unsuccessful at triggering a brain lesion. For instance, chronic nasal inoculations of the Parkinson's disease-relevant toxins rotenone and paraquat fail to induce Parkinson-like symptoms in rats or mice [119] . These toxins, however, are imperfect models and only induce Parkinson-like symptoms in certain strains and subpopulations of rodents when administered through injection [9] . Moreover, rotenone and paraquat are not highly volatile, so inhalation may not be a very important route of exposure for these agents unless the toxins are provided through a fine aerosol form. To our knowledge aerosol delivery has not been featured in published studies.
More recently, volatile trichloroethylene has been implicated as a Parkinson's disease risk factor amongst industrial workers. Oral administration of this agent does induce nigrostriatal degeneration in rodents [120] . Further studies need be done to refine and extend the possible inhalation route to neuro-degeneration for this and other agents. In particular, for each suspect agent, more work needs to be done to determine age, species, and strain specificity for inhalation sensitivity. Also, human exposure to agro-chemicals is likely to occur with simultaneous exposure to particulates and lung irritants (dust, allergens, etc), which to our knowledge have never been examined in co-exposed animal studies. Since conditions like Parkinson's disease are highly multi-factorial, it is likely that animal models will need to include the proper combination of genetic and environmental variables in order to produce robust models more relevant to human pathology.
Concluding remarks and future directions
As environmental health scientists, we work towards identifying mechanisms by which nonrespiratory health effects occur and, by extension, facilitating the appropriate management of relationships between air quality and health [16] . Investigation of these mechanisms has spawned a new field of research: human exposure science, which studies human exposure to chemical, physical or biological agents occurring in our environment, and aims at advancing the knowledge of the mechanisms and dynamics of events causing adverse health effects [121] . We believe that this information not only will stimulate our thinking about the link between inhaled stressors and chronic inflammatory diseases, but will also provide an improved foundation for funding agencies and advisory groups to frame research strategies, programs, and priorities.
Inhalation of environmental stressors is an inevitable circumstance. Once a stressor reaches the alveolar epithelium a series of coordinated responses is initiated, beginning with irritation of the airways, the first step towards inflammation. Irritation attracts inflammatory cells, and the damage to the lung and oxidation products of lung tissue biomolecules induce their own regulatory and damaging effects. When these metabolic stressors are circulated through the system they may have damaging effects in organs far from the lungs, depending on receptors, signaling pathways, and genetics. The association between inhalation of environmental stressors and human disease is complex and deserving of in-depth and thorough analysis.
Increasing public health concerns about inhalation of environmental stressors and extrapulmonary responses such as autoimmunity and neurodegeneration should help to drive future research. In order to develop preventive measures and reduce the negative health effects of inhalation of environmental stressors, we must understand the characteristics of the toxins and gain insights into how these characteristics are related to adverse health effects. As our understanding increases, we can use this knowledge to develop biomarkers that will in turn, identify susceptible individuals and hopefully reduce their exposure. Inhaled biological, chemical, or physical environmental stressors produce irritation, recruitment, and activation of inflammatory cells in the airways and lung parenchyma. Reactive oxygen species produced by activation of these inflammatory cells damage proteins, lipids, and nucleic acids in the lung. Restoration mechanisms degrade modified macromolecules, which can reach the systemic circulation as single entities or as adducts (per example 4-HNEmodified proteins). Modified biomolecules, their degradation products and adducts of host proteins with oxidation products, inflammatory cytokines, bioactive lipids, and lipid peroxidation products can interact with cells in tissues away from the lung and alter cell physiology and metabolism depending on the presence of receptors and tissue accessibility. These modifications can elicit indirect oxidative damage and modification of tissue specific macromolecules, which can induce and or/exacerbate autoimmunity, neurodegenerative and other chronic inflammatory diseases, and aging. 
